Merozoite surface protein 1 (MSP-1) of the malaria parasite is an important molecule involved in invasion of erythrocytes. In Plasmodium falciparum, MSP-1 is synthesized as a large precursor on the surfaces of merozoites (24) . Proteolytic cleavage of MSP-1 leaves a C-terminal 19-kDa fragment (MSP-1 19 ) on the surface of the parasite, which is necessary for invasion of the erythrocyte (4, 5, 7) . The remaining fragments are shed as a soluble complex (6) . The C-terminal MSP-1 19 region is functionally conserved across species of the genus Plasmodium (33) , and its tertiary structure is maintained by disulfide bridges (32) . Immunization with MSP-1 19 of P. falciparum MSP-1, or its equivalent in rodent parasites, is able to generate protective immunity (16, 23, 29, 42) , and development of MSP-1 as a potential vaccine has, therefore, concentrated on this region of the molecule.
During natural infection of humans, anti-MSP-1 antibodies are generated. However, their role in protective immunity is not known. Some studies show a correlation between antibodies to the C-terminal MSP-1 19 fragment and clinical immunity (18, 36) . Others report no correlation with immunity or a correlation between the ability to clear infection and antibodies specific for N-terminal regions of the molecule (12, 17) . Little is known about the repertoire of CD4 T cells responding to MSP-1 in a natural infection or the specificity of CD4 T cells required to provide help in a protective antibody response to MSP-1. We have previously observed that the precursor frequency of CD4 T cells from Plasmodium chabaudi chabaudiimmune mice responding to a region containing the C-terminal 21-kDa region of MSP-1 was lower than that of the response to a more N-terminal region (amino acids [aa] 900 to 1507) (35) . This suggests that particular regions of MSP-1 may be immunodominant. Such a bias may influence the nature of MSP-1-specific T-cell help available and, thus, the antibody response. Epitopes recognized by human T cells have been found on P. falciparum MSP-1 (19, 34, 36, 38, 39, 43) . There are several reports that suggests that epitopes may be clustered at the N terminus of the full-length molecule, and at the more N-terminal regions of the 42-kDa fragment of the molecule, rather than at the C-terminal 19-kDa fragment (14, 15, 22, 26, 36, 39, 43) .
Since an important role for CD4 T cells in the response to MSP-1 is likely to be that of helper cells for the production of specific antibody, it would be of use to know whether effective MSP-1-specific helper T cells are generated and to which region of the molecule these cells respond. The most potent helper T cells are Th2 CD4 T cells, producing cytokines, which are necessary for B-cell growth and maturation (reviewed in reference 13). These cells are generally found at high frequency in P. chabaudi infection after the acute stage of a primary infection (27, 41) . It is not known whether this population contains any cells recognizing peptides of MSP-1.
We have compared the precursor frequencies of CD4 T cells generated during a primary infection with P. c. chabaudi which were able to proliferate and produce cytokines characteristic of Th1 cells (gamma interferon [IFN-␥]) or Th2 cells (interleukin 4 ) in response to four recombinant fragments making up the complete P. c. chabaudi MSP-1. In conjunction, the isotype of the antibody response to the same regions was measured. We show that the precursor frequency of CD4 ϩ T cells generated in response to the C-terminal region of MSP-1 was low during the 12 weeks following a primary infection. Although the isotype composition of the immunoglobulin G (IgG) response to each fragment of MSP-1 was different, the overall magnitudes of the in vivo antibody responses to all regions were comparable. This suggests that T-cell help for an antibody response to the C terminus of MSP-1 may be provided by other regions of the molecule.
MATERIALS AND METHODS
Mice and parasites. BALB/c mice were bred at the National Institute for Medical Research under specific-pathogen-free conditions. For experimental use, they were conventionally housed in sterilized cages with sterile bedding and food. P. c. chabaudi (AS) parasites were maintained as described previously (27) . Female mice aged 6 to 12 weeks were infected with the blood stages of P. c. 1B ) were expressed as fusion proteins with maltose binding protein (MBP) in Escherichia coli as described previously (30, 35) . The four MSP-1 fragments corresponded to the following amino acids in the native molecule: 118, aa 1 to 672; 113, aa 581 to 921; 110, aa 900 to 1507; and 106, aa 1508 to 1766. All of the protein fragments could be recognized by serum taken from mice repeatedly infected with P. c. chabaudi (hyperimmune serum [HIS] [see below]), suggesting that at least some of the structure of the native molecule was retained. The integrity of the structurally complex C-terminal fragment 106 was verified by its ability to bind to a monoclonal antibody (NIMP23 [10, 31] ) which inhibits parasite growth in vivo (10) and recognizes a conformational epitope requiring disulfide bonding among the first four cysteines in the second epidermal growth factor-like domain (31) . The binding of NIMP23 to fragment 106 is abolished by reduction and alkylation (31) .
Limiting-dilution analysis of CD4 T-cell responses to MSP-1 antigens. CD4 T cells were purified from the spleens of immune BALB/c mice at various times postinfection on a MACS column (Miltenyi Biotech, Bisley, Surrey, United Kingdom) as previously described (45) . Biotinylated CD4 ϩ T cells were labeled with streptavidin-phycoerythrin (Jackson Laboratories, Bar Harbor, Maine), and the purity of the CD4 T-cell population was routinely greater than 95% as assessed by flow cytometry. Limiting-dilution assays to estimate the precursor frequency of CD4 ϩ T cells from immune mice that respond to malarial antigens were carried out as described previously (27, 44) , using recombinant MSP-1 protein fragments as a source of antigen in the culture rather than infected erythrocytes. Recombinant MSP-1 fragments or MBP as a control antigen was added at a final concentration of 2 M. Cultures without antigen were included as controls.
Microcultures were restimulated with irradiated (30 Gy) normal BALB/c mouse spleen cells (10 6 per ml) prepared as described previously (44) Measurement of MSP-1-specific antibodies during the course of a P. c. chabaudi (AS) infection. Mice were infected with 10 5 P. c. chabaudi (AS) parasites as described above and bled by intracardiac puncture under terminal anesthesia at various time points postinfection. The relative amounts of IgM, IgG, and the individual IgG isotypes specific for the different recombinant fragments of MSP-1 (Fig. 1B) were measured by ELISA. For this purpose, Polysorb ELISA plates (Nunclon, Copenhagen, Denmark) were coated overnight with the different recombinant MSP-1 antigens at 5 g/ml in phosphate-buffered saline, and the ELISA was carried out as described previously for total P. c. chabaudi parasite lysate (28) . MSP-1-specific antibodies were detected by using alkaline phosphatase-conjugated antisera specific for mouse IgM, IgG (all isotypes), IgG1, IgG2a, IgG2b, and IgG3 (Harlan Seralabs, Oxford, United Kingdom). A pool of plasma from BALB/c mice challenged at least six times with P. c. chabaudi (HIS) was used as a standard for each isotype. The amounts of each isotype are calculated in arbitrary units (AU) derived from this HIS standard, as described previously (28) . The results are plotted as geometric means with standard errors of the mean number of AU (SEM) of four individual animals at each time point.
RESULTS

CD4
؉ T-cell proliferative responses to MSP-1 after 12 weeks of primary infection. The precursor frequencies of CD4 ϩ T cells of BALB/c mice after recovery from a primary P. c. chabaudi (AS) infection, which proliferated in response to different fragments of recombinant MSP-1 (Fig. 1B) , were determined by limiting-dilution assays (Fig. 2) . CD4 T cells proliferated in response to all fragments. However, the precursor frequencies measured against fragment 106 (aa 1508 to 1766) incorporating the C-terminal 21-kDa region of the native antigen were significantly lower than those in response to fragment 110 (aa 1508 to 1766) and fragment 118 (aa 1 to 672).
Cytokine responses of CD4 T cells responding to MSP-1. To determine whether the MSP-1-specific CD4 T-cell response switched to a Th2-like response (IL-4 production) after clearance of an acute infection, as has been described in P. c. chabaudi infections (27, 41) , the precursor frequencies of IFN-␥-and IL-4-producing CD4 T cells responding to the different fragments of MSP-1 were determined. All regions of MSP-1 elicited IFN-␥ and IL-4 responses (Fig. 3) . The lowest frequencies were consistently observed in those CD4 T cells responding to fragment 106; at none of the times measured did the frequencies exceed 100 cells per 10 6 input cells. This is in general agreement with the proliferation data shown in Fig. 2 .
Comparison of IFN-␥ and IL-4 responses for each pool of CD4 T cells at each of the time points shows that only in the case of the response to fragment 110 were there comparable IL-4 responses. For this fragment, IL-4-producing cells were present at high frequency after 3 weeks of infection. By contrast, for fragments 118 and 113 the IFN-␥ frequencies remained predominant for 10 weeks following infection but had decreased after 12 weeks of infection. This was not compensated for by a concomitant increase in the frequencies of IL-4-producing cells, with the exception of the response to fragment 118 at 12 weeks in experiment 2.
MSP-1-specific antibodies in plasma during a P. c. chabaudi infection. The antibody response to each of the different fragments of MSP-1 was measured in plasma taken at various times during a primary infection. All the fragments were recognized by IgM and IgG antibodies in the plasma of infected mice (Fig. 4) . With the exception of fragment 106, an IgM response could be detected by week 1 of infection. After that time, the relative amounts of IgM antibodies specific for each fragment were similar, and they declined by week 7 in all cases. Little IgG was produced until after the peak of parasitemia
FIG. 2. Precursor frequency of CD4
ϩ T cells, isolated from mice at 12 weeks postinfection with P. chabaudi, proliferating in response to recombinant MSP-1 fragments. The bars represent the mean precursor frequencies with the SEM of three independent experiments, each using a pool of purified CD4 T cells obtained from two to three mice. The frequencies were calculated as described in Materials and Methods. Proliferation was measured by incorporation of [ 3 H]thymidine. All R 2 values were greater than 0.65.
FIG. 3. Precursor frequency of CD4
ϩ T cells producing IFN-␥ (s) and IL-4 (ᮀ) in response to recombinant MSP-1 fragments and isolated from mice at different times postinfection with P. chabaudi. Two independent experiments (EXP.) consisting of pooled T cells from two to three mice at each time point are shown. The precursor frequencies were calculated as described in Materials and Methods. All R 2 values were greater than 0.65.
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T-CELL AND ANTIBODY RESPONSES TO P. CHABAUDI MSP-1(after 2 weeks), and production was greatest in response to fragments 118 and 106 (at week 5). The isotype distribution of the IgG response, however, was different for each fragment (Fig. 5) . The largest relative IgG3 and IgG1 responses were made to fragment 106, with negligible responses to fragments 118 and 110. IgG2a antibodies reacted predominantly with fragment 110, and IgG2b antibodies reacted with all fragments, the lowest response being to fragment 106. Therefore, it appears that the response to fragment 118 is largely restricted to antibodies of the IgG2b isotype, whereas the response to fragment 110 is characterized by a relatively large IgG2a response and the response to fragment 106 is characterized by relatively large IgG3 and IgG1 responses.
DISCUSSION
This study has shown that MSP-1 of P. c. chabaudi elicits an immune response during primary infection in mice. IgM antibodies were present within 1 week, IgG antibodies were present within 2 weeks, and specific CD4 T-cell responses were detectable in the spleen within 3 weeks of infection. Although antibodies specific for all of the conformational epitopes of MSP-1 may not be detected by using these recombinant fragments, recognition of this molecule early in the course of an infection suggests that MSP-1 is a very accessible target of the immune response. As the kinetics of antibody and CD4 T-cell responses following a single infection of P. falciparum have not been reported, direct comparison of these data with human responses is not possible. However, the rapid appearance of IgG antibodies to different parts of MSP-1 after the start of the transmission season, and their presence in sera of young children or adults after limited exposure to P. falciparum (11) or Plasmodium vivax (40) , indicate that MSP-1 is also readily recognized by the human immune system. Studies of CD4 T-cell responses of exposed humans to MSP-1 demonstrate the presence of MSP-1-reactive T cells in a proportion of exposed children and adults (18, 19, 36, 43) .
All regions of MSP-1 are recognized by CD4 T cells taken from infected BALB/c mice at various times during infection. However, there were clear differences among the responses to the different parts. Throughout the infection, there was a lower precursor frequency of CD4 T cells proliferating in response to fragment 113 and particularly to fragment 106 (corresponding to aa 581 to 921 and 1508 to 1766, respectively). By contrast, the response to fragment 110 (aa 900 to 1507) was generally higher. These differences were also observed in the cytokine responses of CD4 T cells. These data extend our previous observation showing that the CD4 T-cell response to fragment 110 is greater than the response to fragment 106 after 10 weeks of infection (35) . The precursor frequencies of IL-4-and IFN-␥-producing cells responding to fragment 106 were also both low compared with that of the response to fragment 110. man T cells responding to different regions of the MSP-1 molecule of P. falciparum or P. vivax MSP-1 has not been made. Some studies using bulk culture assays indicate a lower prevalence of responders among exposed humans to the Cterminal 19-kDa region of P. falciparum (14, 15, 18, 19, 26, 36, 38, 43) . Other studies, however, using synthetic peptides or protein fragments of P. vivax do not indicate any obviously lower responses to the 19-kDa region (40) . In light of the data reported here, it would be interesting to compare the precursor frequencies of the human CD4 T-cell responses to the different parts of MSP-1.
The reasons for the difference among the responses to the four regions in our studies could be several. It might be that there are few peptides within the C-terminal fragment that can bind to the class II major histocompatibility molecules, I-A d or I-E d , thus inducing only a limited T-cell response. There are examples of malaria proteins that do not contain peptides able to bind particular major histocompatibility complex (MHC) molecules (2, 21) . However, immunization of mice with recombinant fragments 110 and 106 can induce CD4 T-cell responses in BALB/c mice (S. Quin, unpublished data). This suggests that peptides that bind to I-A d and I-E d are processed from both parts of MSP-1. The complex cysteine-bonded structure of the C-terminal part of MSP-1, contained within fragment 106, may temporally hinder the processing of peptides for presentation on MHC class II. Therefore, the amount of peptide from fragment 106 available for stimulating T cells may be less than that from the region of MSP-1 represented by fragment 110. In support of this possibility is the observation by Egan et al. (19) showing that human T-cell responses to MSP-1 19 in vitro are greater when the disulfide bonds have been reduced, as well as our studies showing that the C-terminal region of P. chabaudi MSP-1 is presented more slowly than fragment 110 (35) and is processed only in the classical de novo MHC class II pathway compared with fragment 110, which is rapidly processed within the recycling class II pathway. Reduction of the disulfide bonds allows processing of fragment 106 in the recycling pathway and speeds up processing and presentation (35) . Whether these differences in processing observed in vitro are directly responsible for the lower CD4 T-cell-responses seen in vivo is currently under investigation.
CD4 responses to the individual MSP-1 fragments did not follow the kinetics of the overall malaria-specific CD4 T-cell response previously reported for P. c chabaudi (AS) infections, in which there is switch from a predominantly Th1 response during the first 3 weeks of infection to a more pronounced Th2 response after that time (27, 45) . Only in the response to fragment 110 was there a high frequency of IL-4-producing cells, which was generally equivalent to, or greater than, the frequency of IFN-␥-producing cells at the times measured. The frequency of cytokine-producing cells was either low overall (fragment 106) or strongly biased towards an IFN-␥ response (fragments 118 and 113). These data suggest that the signals for CD4 T-cell differentiation may be different for the responses to different regions of MSP-1. Since polarization towards a Th1 or a Th2 response can depend to a large extent on the nature of the antigen-presenting cell, antigen dose, duration of stimulus, cell cycle, and cytokine environment (3, 13, 20, 25) , a detailed analysis of antigen presentation and the amounts of MSP-1 peptides presented from the shed complex and the membrane-bound C-terminal region may give some clue. In this regard, the more rapid processing and presentation of fragment 110 by dendritic cells (35) may result in an increase both in the amount of peptide presented and in the relative duration of the stimulation, thus favoring the development of Th2 cells (25) .
Despite a relatively poor T-cell response to the C terminus of MSP-1 in vivo, both IgM and IgG antibodies specific for this region which were similar in magnitude to the antibody response to other regions of the molecule were observed. The reason for the later appearance of IgM antibodies is unknown but may be due to the lower frequency of 106-reactive CD4 T cells able to provide cognate T-cell help. However, the subsequent switch giving rise to equivalent IgG antibody titers suggests either that the low MSP-1 21 -specific T-cell response is eventually sufficient to provide B-cell help or that T cells specific for regions outside of the C terminus, or specific for other parasite proteins, are able to provide the necessary help for antibody production in vivo.
Although the amounts of the total specific IgG were comparable during the infection, there were differences in the relative amounts of the IgG isotypes specific for the different regions. Antibodies of all isotypes recognized fragment 106, with the levels of IgG1 and IgG3 relatively high compared with the responses to the other fragments. The response to fragment 110 was characterized by a predominant IgG2a response, and the response to fragment 118 was restricted to IgG2b antibodies. Immunization of mice with different Plasmodium yoelii MSP-1 fusion proteins in the presence of adjuvant has shown that all regions of the molecule can elicit similar patterns of IgG isotypes (1, 42) . This response can be modulated using known T-cell epitopes from other proteins linked to recombinant MSP-1 19 (1) . Together, these data lend support to the view that the nature of T-cell help and the environment in which T-cell help and/or B-cell differentiation and isotype switching is taking place are important, and these may not be the same for each region of MSP-1. However, there was no obvious correlation between the isotype in the plasma and the IFN-␥ or IL-4 responses of specific CD4 T cells. In fact, the CD4 T-cell response to fragment 110 was composed of both IL-4 and IFN-␥-producing cells, while the antibody response was characterized by a large IgG2a component.
It is not yet clear whether isotypes such as those promoting phagocytosis or antibody-dependent cellular cytotoxicty or inhibition (8, 9) are necessary for protective immunity induced by MSP-1 in humans. Mouse studies with P. yoelii would suggest they are not (37, 46) . Nevertheless, knowledge of the regulation of the antibody response to MSP-1 and the specificity of CD4 helper T cells involved would be useful. If there are similar restrictions in the CD4 T-cell response to P. falciparum MSP-1, it may be worthwhile to consider the use of regions outside of the C terminus in a vaccine in order to provide more effective T-cell help.
